This work presents a highly efficient photo-reactor configuration for VOC abatement. It consists of a fluidized bed made of commercial, easy to fluidize, transparent borosilicate glass beads coated with commercial TiO 2 nanoparticles (0.15 to 2.3 wt% loadings).
depended solely on the wavelength and power used. The productivity of the photoreactor tested and the space velocity used were around 5.25x10 -2 mol/g·h and 12000 h -1 respectively.
Introduction
Organic compounds from a variety of sources have become common pollutants in air, giving rise to important environmental and health concerns [1] [2] [3] [4] [5] . These organic molecules are mostly anthropogenic and can induce several respiratory diseases [1, 2] . In particular volatile organic compounds (VOCs) present in industrial effluents, vehicle emissions and also in indoor ambient are considered very harmful and top-ranked on the list of air pollutants. When using catalytic combustion for their removal high temperatures and/or pressures are required for their complete oxidation. For instance, Zalamea et al. performed the oxidation of methyl ethyl ketone (MEK) using catalytic membranes and temperatures around 200 ºC were needed to fully oxidize the pollutant [6] . Likewise, using a flow reactor, Mével et al. required temperatures in the range of 150-750 ºC with pressures of 20-100 kPa to oxidize n-hexane diluted in N 2 [7] .
Likewise, the use of reactor configurations with structured catalysts has been evaluated in order to reduce pressure drop and improve the oxidation of VOCs. The full oxidation of several VOCs was attained supporting Pt over Al 2 O 3 /Al monoliths at temperatures in the 200-250 ºC range [8] . While these temperatures can be considered as moderate, they still entail a significant economic penalty, since the whole air stream must be brought up to the desired temperature and pressures in order to remove VOC concentrations that are in the tens or hundreds of ppm range, thereby not providing enough heat in their combustion to reach the required temperatures. In order to use milder reaction conditions, many efforts have been devoted to catalyst development, mainly through noble-metal nanoparticle catalysts supported on different metal oxides [9, 10] , or mesoporous silica [11] that successfully lowered the total oxidation of n-hexane at temperatures below 200 ºC. In spite of the excellent stability and selectivity of Pt-based catalysts, the high cost of precious metals has prompted the search for: (i) lower cost catalysts based on more abundant and affordable transition metal oxides or semiconductors [12] and (ii) the development of novel reactor configurations equipped with alternative excitation sources to selectively activate and oxidize VOCs under milder conditions. Among these, it is worth mentioning the use of plasma discharges [13] , microwaves and radiofrequency [14] , microreactors [15, 16] or photoreactors irradiated with UV-light sources [17] [18] [19] [20] .
In particular, photooxidation methods are recently being advocated over the previous methodologies due to the use of mild conditions to achieve the degradation of organic pollutants [21, 22] . Photocatalysis represents a greener way to perform reactions that would require a much higher input of energy if carried out under conventional heating.
Photooxidation processes use mainly semiconductor materials as catalysts. Since the pioneering work of Fujishima and Honda using TiO 2 for the photolysis of water [23] , many authors have tried to use semiconductors for the photooxidation of organic molecules. In particular, multiple efforts have been undertaken to deplete VOCs in the presence of TiO 2 under UV light from xenon or mercury lamps as energy sources [24] [25] [26] [27] [28] . Typically these lamps exhibit a low irradiation and energy efficiency making it difficult to completely degrade VOCs such as n-hexane. Furthermore, a long-term use of these catalysts is hindered by the generation of carbonaceous, (and in some cases toxic), by-products on the surface of the catalyst that lower their efficiency and limit their use in industrial applications [29, 30] . These incomplete degradation of alkanes have been thoroughly studied in previous works describing the oxidation mechanism and the different by-products obtained [7, 24, 31] . Another issue that prevents a wider use of photocatalytic processes relates to the inherent difficulty in scaling up laboratorydeveloped processes. In most of the previously reported works, the use of fixed bed reactor configuration has normally led to less efficient catalyst utilization. This fact has been attributed to the limited penetration of light inside the bed [32, 33] . Alternatively, when the photocatalyst is deployed as a thin film, excellent illumination is achieved, but huge reactor areas are required to obtain meaningful conversions [34] . As a compromise, the use of bubbling fluidized bed reactors (FBRs) was early proposed to overcome these problems [35] [36] [37] [38] . The bubble phase in FBRs facilitates a deeper penetration of light and the intense mixing provided by fluidization induces a continuous renewal of the catalyst at the illuminated surfaces [39] [40] [41] .
Nowadays, light emitting diodes (LEDs), which convert more efficiently electricity into light and with long lasting periods, are replacing conventional bulb lamps and are becoming more relevant in process intensification carried out by photoreactors [42, 43] .
The reduced size of LEDs and the possibility to arrange them into tailored arrays open the possibility for the design of different reactor configurations. Also, the recent developments in the fabrication of high intensity LED sources that can be modulated from a few mW/cm 2 to several W/cm 2 and, more significantly, the fact that all the light power is emitted in a narrow wavelength range, in contrast to the above-mentioned conventional light sources, makes this irradiation source a way to revolutionize the photocatalytic applications towards industrial implementation.
A former example combining LED technology and fluidized bed reactor for photocatalytic oxidation of methyl ethyl ketone was presented by Hajaghazadeh et al. [44] . The configuration for the reactor consisted of a rectangular flat plate fluidized bed reactor illuminated from both sides with arrays of 80 low intensity LEDs which resulted in a radiation intensity of 90 mW/cm 2 . In this work we propose the use of high power LED technology in a FBR to successfully achieve the total photo-oxidation of nhexane, as a known VOC aliphatic model with limited reactivity in comparison with other linear counterparts (i.e. ketones, acetaldehydes).
Materials and Methods

Materials
TiO 2 (P25) was supplied by Evonik, ethanol (Absolut PRS) was purchased from
Panreac and borosilicate glass beads were obtained from Abrasivos y Maquinarias S.A.
Catalyst preparation
The catalyst consists of commercial 
Characterization techniques
The morphology and chemical distribution of the photocatalytic P25-glass bead hybrids were characterized by field-emission scanning electron microscopy (SEM) equipped with an energy-dispersive x-ray spectroscopy (EDX) detector using a FEI Inspect instrument. The surface morphology and Z-heights of the supported glass beads was characterized by atomic force microscopy (AFM) using a Multimode 8 Veeco (Bruker) in a non-contact mode.
Hydrodynamics study
Experimental solids mixing tests were conducted with phosphorescent particles, i.e. Eu- ppm toluene) in air to ensure a homogeneous fluidization of the photocatalyst bed (relative gas velocity, u gas /u mf = 2). Due to the discrepancies found in the literature about the effect of water on photocatalytic gas phase reactions we did not include it in our inlet stream and focus the discussion in illumination and fluidization conditions of the photoreactor [47, 48] . The inlet final concentration of n-hexane was achieved upon mixing with the proper flow rates, n-hexane in N 2 , O 2 and synthetic air (all purchased from PRAXAIR España S.L.U.), in order to get the different total flow rates assessed.
Photocatalysis tests
After an equilibration period of 30 min that served us to evaluate the dark adsorption of n-hexane in the catalyst, the LED lights were turned on for different time intervals and the gas effluent outlet analysed by gas chromatography (Agilent 3000 Micro GC). Two modules with OV-1 and PPQ columns, each one of them attached to a thermal conductivity detector (TCD), were employed to separate and detect the different gas compounds. The steady state final concentration achieved was always ≤ 10 ppm of nhexane when maximum LED power was used and this steady-state was always achieved within minutes regardless of the experimental settings. Under the conditions used, the nhexane detection limit was 3 ppm. Maximum error in the mass balance closures for carbon and oxygen in this work was ± 2 %. Because of this, significant generation of undetected byproducts is unlikely. Before discharge, the exit of the fluidized bed reactor was passed through a bubbler to trap potentially entrained nanoparticles. The high irradiance coupled to the bubbling fluidization regime ensured a good penetration of light through the catalyst bed. It is noteworthy that the maximum conversion observed in each point measured was achieved after a very short stabilizing period (few minutes range), in contrast to more extended periods reported in the literature for n-hexane in non-fluidized bed typically implying hours [25, 49, 50] .
Results and Discussion
Performance of the high irradiance UV-LED photo-reactor with a fluidized bed configuration
Besides, the high power LEDs delivered an intense flux of photons to the catalyst, generating a high density of charge carriers on the surface, able to react with the VOC pollutant. Upon excitation with UV light, valence band electrons are promoted to the conduction band and create positive charges behind. The bulk recombination of those charges is partly prevented by the small size of the TiO 2 crystals and their high specific surface area. Also, even though recombination of electron and holes will take place to a certain extent, the high intensity of the incident light source still promote and maintain a high charge-carrier concentration. This level will be enough to oxidize the n-hexane molecules adsorbed on the photocatalyst surface. An indirect proof of this hypothesis was provided by the relatively high steady-state temperatures (above 150 ºC, see figure   1d ) reached on the fluidized solid under illumination with UV LED, as measured directly by a thermocouple inserted in the bubbling zone and confirmed by the IR thermographic camera readings of the temperature distribution at the reactor wall ( Figure 1d ). This catalyst heating is likely generated by the thermal relaxation of those charge carriers that do not take part in the photooxidation of n-hexane. As it will be shown later, this temperature increase does not have a significant effect in the reaction, meaning that all the observed conversion is achieved via pure photocatalytic events.
This sole photocatalytic effect contrasts with other systems where an energy input (i.e.
in the form of heat), needs to be provided in order to assist the oxidation of the pollutant [47] , thereby increasing the complexity and cost of the VOCs degradation.
Effect of catalyst loading
Different weight loadings of P25 NPs onto the glass beads were assessed ranging from 0.15 to 2.3 % wt., which correspond to total catalyst weights ranging between a total of 0.8 ± 0.1 and 13 ± 0.1 mg of P25 deposited on the glass beads in the reactor. Figure 2a shows that the fluidized bed catalysts were highly efficient in promoting VOC conversion. Only when the catalyst loading was reduced down to 0.15% wt. full conversion was not approached although, even in this case, more than 70% of conversion was achieved. In comparison with previous works reported in the literature (see Table 1 ), an important decrease in the amount of catalyst was required in our case to oxidize the n-hexane used as model VOC (Figure 2a) .
Remarkably, an amount as low as 4 mg of photocatalytic phase was necessary to complete the total oxidation of the n-hexane in our photoreactor with a gas hourly space velocity (GHSV) of 12000 h -1 . Although it is difficult to compare with previous results, because some key data are often missing in the reported literature, we have found a series of works with analogous experimental configurations and/or VOC selection to establish a meaningful comparison. Table 1 shows the reaction rate values achieved for other VOCs in several fluidized bed photoreactors and also for the abatement of nhexane in other reactor configurations. The specific reaction rate found in this work for n-hexane was more than 20 times higher even when compared to MEK, a VOC that is usually considered easier to degrade than any alkane due to the presence of oxygencontaining functional groups [6] . The differences are even higher when compared to works with n-hexane as the target molecule for photocatalytic degradation. Additional experiments for the degradation of benzene (200 ppm) and toluene (58 ppm), using one of the catalyst synthesized in this work (1.4% loading) were performed. The goal was to evaluate the potential expansion of the use of this photoreactor to other VOC compounds. In this case, both pollutants were present simultaneously on the stream, so the carbon concentration in the inlet gas was higher that in the case of n-hexane experiments (ca. 30%). With this in mind, and even with the possible competition between them, conversions of 55% (benzene) and 90% (toluene) were achieved for benzene and toluene, respectively (Fig S3) . The higher conversion in the case of toluene can be attributed to its preferential adsorption on TiO 2 , as shown in the study of Nagao et al. on the adsorption of benzene, toluene and chlorobenzene on TiO 2 [51] . As already mentioned, the efficient illumination of our system seems to be one of the key factors to explain the enhanced activity towards the degradation of n-hexane. The fraction of reactor volume occupied by bubbles in the fluidized bed allows a deeper penetration of light into the bed [54, 55] . Vorontsov et al. [39] showed that a vibrofluidized bed was 26% more active than a granular fixed bed for acetone oxidation and Nelson et al. [41] detected an increase in CO 2 production rates of 80% in the fluidized bed compared to packed bed reactor for methanol oxidation. In our case, due to the use of high power LEDs, practically the whole bed is irradiated so the molecules adsorbed on the surface of the catalyst are continuously illuminated facilitating the photocatalytic reaction. Furthermore, the fast axial and radial mixing promoted by the bubbling fluidization regime not only provides good heat transfer rates (thus avoiding the generation of hotter and colder regions in the reactor) but also a continuous renewal of the catalyst in the more intensely illuminated regions of the bed.
Another key factor to be considered relates to the illumination supplied by the high radiance LEDs in this work. It is expected to provide a better efficiency compared to classic broad-band lamps used in traditional photocatalysis ( Table 1) that typically are within a few mW/cm 2 range. Also, the energy consumption of this broad-band lamps are usually in the range of hundreds of watts while in the case of the LEDs only a few watts are enough to get a high irradiance output. For most powdered materials and wavelengths ranges, traditional light sources are not able to provide illumination of the photocatalyst beyond the first few particle monolayers of the catalyst bed, and therefore thin catalyst layers are typically used in photocatalytic reactors [12, 16] . In contrast, our LED system configuration ( Figure 1a phase, compared to a fixed bed and it is in good agreement with the literature discussed before for other photocatalytic fluidized bed reactors [39, 41] .
Evaluation of the catalyst stability
One of the major drawbacks reported with the use of TiO 2 -based catalysts towards the total oxidation of VOCs is related with deactivation issues. This problem has been primarily attributed to the formation of physisorbed by-products that compete with the active catalytic sites [29] . In this work we performed a stability experiment for several hours for one of the intermediate loadings to ensure that the catalyst was stable for extended periods of operation (Figure 3a) . We postulate that this stability stems from the absence of side by-products in the reaction, which is in agreement with the carbon balance of the process that shows values close to 1 for each point. A likely factor contributing to the stability of this operation has to do with the fluidization of the catalyst particles (and any adsorbed species on them). This regime leads to higher irradiation exposures in areas close to the reactor wall. Besides, multiple consecutive light on/off cycling experiments further confirmed that the catalyst performance was stable and the time response to reach full conversion after turning on the LEDs remained extremely short (almost instantaneous) (Figure 3b ). This latter result was in agreement with the hypothesized irradiation efficacy in our photocatalytic reactor configuration. Analogous conversion rates were also observed for the degradation of MEK in the presence of fluidized-bed flat reactors irradiated with UV-LEDs [44] . The operational stability can be also attributed to the low attrition rates observed under the experimental conditions developed in this work. Flakker et al. studied the attrition produced in a fluidized bed reactor finding that fine particles favored less carry over than larger ones [56] . We measured nanoparticle emission rates from the fluidized bed using an on-line nanoparticle counter ( Figure S5 ). The loss of nanoparticles in the exit flow from the fluidized bed was negligible (typically around 40 nanoparticles/cm 3 in the 0-50 nm range and only 7 nanoparticles/cm 3 in the larger than 300 nm range), meaning that several thousand hours of fluidization would be needed to accumulate a loss of 1% of the catalyst mass.
Finally, a series of additional control experiments, were performed to ensure the absence of spurious effects (Figure 3c-3d) . First, the reaction using uncoated glass spheres as the bed of catalyst showed that no conversion occurred even though some increase in temperature (up to 130 ºC under 2200 W/cm 2 ) could be observed as a result of the absorption of light by the glass beads (Figure 2a) . Furthermore, in order to assess the activity at different LED irradiation wavelengths, a series of reaction experiments was carried out with other high power LEDs ranging from 405 to 940 nm. As expected, the activity of the catalyst sharply decreased in the visible and IR region of the spectrum due to the high bandgap of TiO 2 (Figure 3c-3d) . The spectral width of the LED used is around 40 nm, therefore the 405 nm LED still provided enough energy to excite the bandgap of the TiO 2 and achieved the same conversion as the 365 nm LED, although at the expense of higher irradiation ( Figure   3c ). However, when longer wavelengths were tested, a negligible conversion of nhexane was achieved since the incident photons were not energetic enough to overcome the P25 bandgap (Figure 3c-3d) . It is also interesting to notice that despite of the temperature increase detected while irradiating with all the LED wavelengths ( Figure   3d ), the thermal effects on the n-hexane conversion were negligible. The activity of the catalyst at wavelengths of 460 nm or above was negligible, even at temperatures exceeding of 125ºC. This further supported the pure photocatalytic nature of the reaction process and discarded any photothermally-induced contributions.
Conclusions
A LED-illuminated fluidized bed reactor appears as a highly efficient system to achieve photocatalytic VOC abatement. The internal recirculation provided by the bubbling regime provides continuous renewal of the catalyst in the intensely illuminated regions of the reactor, resulting in a high average illumination of the catalyst. Additionally, the catalyst is deposited as dispersed islands on the surface of transparent glass spheres, which favours penetration of light into the bed compared to opaque supports. The glass spheres provide an easy, smooth fluidization in the bubbling regime.
This intense illumination is vital to the stability of the catalyst as it provides complete oxidation of the n-hexane, preventing the accumulation of fouling by-products on the catalyst surface. The system developed was able to fully oxidize hexane in air using only a few milligrams of catalyst and short contact times [16, 42] , with excellent performance in terms of specific reaction rates compared to other photocatalytic systems reported in the literature for VOC abatement. The high stability of the catalyst under continuous and cyclic operation and the fact that photooxidation is carried under LED illumination with a low total input of energy, makes the system highly interesting for environmental applications. The evaluation of additional variables such as the influence of water vapour or the specific interaction with other aromatic VOC species represents a challenging subject for forthcoming research with this LED-assisted photoreactor with fluidized-bed configuration.
